Changes in the core toroidal rotation profiles following injection of lower hybrid (LH) waves have been documented in Alcator C-Mod plasmas. Shot by shot scans of LH input power have been performed at fixed magnetic field and electron density for several plasma currents. For sawtoothing target plasmas, if the input power is low enough that the central safety factor q 0 remains below 1, the change in the core rotation is in the counter-current direction, consistent in sign, magnitude and LH power scaling with direct momentum input from the LH waves. If the power level is high enough that there are significant changes to the q profile, including the termination of sawtooth oscillations, the change in the toroidal rotation is in the co-current direction, consistent with changes in the momentum flux through its dependence on the current density profile. The direction of the rotation changes depends on the whether q 0 is below or above unity, and seemingly not on the magnetic shear, nor the Ohmic confinement regime of the target plasma.
Introduction
In future magnetic fusion devices, external momentum input from neutral beam injection will be low, and to reap the benefits of rotation, utilizing radio frequency drvie and understanding self generated flow would be prudent. To understand the origin of intrinsic rotation, it is necessary to consider the residual stress, that component of the momentum flux independent of the velocity and its gradient [1] , and the divergence of which constitutes an intrinsic torque. It is only this intrinsic torque that can spin up the plasma from rest in the absence of external momentum input. Intrinsic rotation exhibits a rich phenomenology [2] (and references therein), is present in all confinement regimes, for various heating schemes, can be directed either co-or counter-current and has a complicated dependence on plasma parameters such as collisionality [3, 4] (through the density [5, 6, 7, 8, 9, 10, 11] , magnetic field [5, 10] , plasma current [5, 12, 10, 13] , Z eff [14] and major radius [4] ), magnetic configuration [15, 5, 9, 16] , and temperature [17] and density [18] gradients. Recently, the role of the current density profile in driving intrinsic rotation has been recognized [19, 20, 21, 22] , through modification of the q profile by use of lower hybrid current drive (LHCD). In fact initially there was some confusion in the interpretation of results with LHCD since rotation was observed to change in both the co-current [23, 24, 25, 12, 26, 27] and counter-current [28, 29, 27] directions. A large number of mechanisms has been proposed to explain the rotation changes in plasmas with LH wave injection, including: direct momentum input from LH waves [12, 30] , electron orbit loss [23, 25] , the trapped electron pinch [31] , resonant electron radial drifts [32, 33] , the turbulent equipartition pinch [26] and the effects of magnetic shear on the turbulence spectrum [34, 35] . It's possible that there is a simultaneous contribution from many of these effects, and the competition can lead to a rotation reversal. Further complicating the understanding of rotation in plasmas with LHCD is that the desirable plasma parameters for efficient current drive (low density for good LH wave coupling and low current so the effect is easy to observe) correspond to the collisionality range for purely Ohmic rotation reversals [10, 4, 19] , which can be mistakenly be attributed to LHCD. These parameters are also conducive to mode locking [36] and the subsequent effect on the rotation profile [37, 38, 39, 40] . The purpose of this paper is to further the understanding of rotation changes due to the current density profile which is modified through LHCD. After a brief description of the experimental setup in section 2, two cases will be explored: section 3 will show the effects of LHCD on rotation where the power is not high enough to drive significant enough current to raise q 0 much above 1, and section 4 will cover cases with significant current drive. A discussion will follow in section 5.
Experimental Setup
This investigation of core toroidal rotation in plasmas with LHCD has been undertaken on the Alcator C-Mod tokamak [41] (major radius R = 0.67 m, typical minor radius of 0.21 m). All of the plasmas in this study had a toroidal magnetic field of 5.4 T, were in the lower single null configuration (with 'reversed' magnetic field and current, this corresponds to the 'unfavorable' ion B×∇B drift direction) with elongation κ = 1.7 and were operated in deuterium. All target plasmas were sawtoothing. LH waves were delivered to the plasma edge through a 60 waveguide launcher, with power up to 1 MW at 4.6 GHz [42] . For the results presented here, the parallel index of refraction, n , was 1.9, with wave momentum input in the counter-current direction. Electron temperature and density profiles were measured with Thomson scattering [43] . Magnetic flux surfaces were calculated using the EFIT code [44] and current density profiles were also determined from EFIT, constrained by motional Stark effect (MSE) measurements [43, 45, 46, 47] . Core ion temperature and toroidal rotation profiles were measured with a high resolution imaging x-ray spectrometer system [48, 49] , from observations of He-and H-like argon. The velocity calibration was determined by operating locked mode discharges, which are presumed to have null rotation velocity over the entire plasma cross section. The convention employed here defines '+' velocity as co-current directed rotation, while '−' indicates counter-current. In this paper will be presented rotation and current density profile changes from LHCD power scans at fixed electron density for different plasma currents.
Rotation in Plasmas with Low Driven Current
This section will explore the toroidal rotation response to LHCD power input where the driven current is relatively low. A shot by shot LH power scan was conducted for 0.8 MA, 5.4 T (q 95 ∼ 5.0) deuterium plasmas with <n e > = 0.67±.03×10 20 /m 3 . The moment of inertia for such discharges is ∼10 −7 kg-m 2 . The time evolution of the core toroidal rotation velocity for various input powers is shown in figure 1. For these target plasmas in the linear Ohmic confinement (LOC) regime, the core rotation velocity was ∼ 10 km/s in the co-current direction [10, 11, 4, 13] . Following application of LHCD power, the core rotation trends in the counter-current direction, in the same direction the LH waves are launched [28, 29, 27, 19, 20, 21] . The velocity evolution is on a slow time scale, ∼100s of ms, similar to the core current relaxation time, ∼450 ms for these conditions. For power levels below 0.8 MW the change in velocity is proportional to the input power [29] , as is demonstrated in the top frame of figure 2. The magnitude and scaling are consistent with momentum input from the LH waves. The input torque from LH waves [12] , Rn P LH /c ∼ 0.002 N-m for P LH = 0.5 MW (or Rn φ P LH /c ∼ 0.001 N-m [30] ), is similar in magnitude to the torque required to accelerate the core plasma by 35 km/s in 0.5 s, about 0.001 N-m. (This is a lower limit to the required torque, assuming long momentum confinement.) Under these target plasma conditions for 0.8 MW and above, this proportionality is broken, and the velocity begins to trend back in the co-current direction after time. (see figure 1 ). This will be discussed in detail anon.
The evolution of the velocity profile for a discharge from this series, with 0.53 MW of LHCD power, is shown in figure 3 . The target plasma (0.92 s) was in the LOC regime [10, 13] which features a relatively flat profile and slight co-current rotation in the core. Throughout the duration of the LHCD power injection, between 0.9 and 1. s, the profile steadily peaked in the counter-current direction inside of r/a ∼ 0.6, with no effect on the velocity profile outside of this [28, 29, 19] . The profile evolution is on the time scale of several 100 ms, much longer that the momentum confinement time, which is of order 10s of ms [50, 40] . The steep gradient region is between r/a = 0.3 and 0.6; the profiles are flat inside of the sawtooth inversion radius [51] , shown by the vertical line. This discharge displayed sawtooth oscillations before and throughout the LHCD power injection, indicating the driven current was not enough to raise q 0 above unity in this case.
Inverse rotational transform (q) profiles have been measured with the MSE diagnostic for these discharges. Shown in figure 4 are monotonic in radius. For discharges with power levels below 0.65 MW, q 0 is below unity, and all plasmas displayed sawteeth throughout. For the highest power levels q 0 is above 1; the plasmas with q 0 > 1 exhibited a change in the co-current direction of the core velocity, which occured shortly after the sawteeth disappeared (vertical dashed line in figure 1 ). This correlation is apparent when comparing the core rotation changes with measured q 0 , evaluated at 1.45 s, as a function of power as shown in the bottom frame of figure 2. Co-current changes with LHCD are known to be through the q profile [19, 20] . Unfortunately, with power levels limited to below 1 MW, for 0.8 MA plasmas (with lower driven current) it is not possible to explore in detail this q profile effect. Operation at lower plasma current, with easier modification of the current density profile, has enabled this study.
Rotation in Plasmas with High Driven Current
A similar LHCD power scan has been performed for 0.4 MA (q 95 ∼ 8.5) discharges with <n e > = 0.76±.05×10 20 /m 3 . This reduction in plasma current at fixed density leads to higher collisionality, and the target plasmas were in the saturated Ohmic confinement (SOC) regime [10, 11, 4, 13, 19] , which exhibits counter-current rotation in the core. It is still possible, however, to investigate the effects of the q profile on the rotation. Shown in figure 5 are the core rotation time histories for different power levels, to be compared with figure 1. For the lowest power discharge (0.24 MW) there was a counter-current change, which evolved on the same slow time scale, similar to that shown in figure 1. In contrast, at higher power there is a substantial co-current increment in the core rotation with LHCD. Also in contrast to the results from higher current plasmas, this rotation change is on a much faster time scale, 10s of ms, similar to the global momentum confinement time [50, 40] . These co-current changes follow the disappearance of sawteeth, with times indicated by the matching vertical lines. The causality of these effects is explored in figure 6 , which shows the time evolution of the central safety factor q 0 , and the core rotation velocity for a discharge with P LH = 0.62 MW. Immediately following the LHCD power injection initialized at 1.0 s, the central safety factor began to rise, crossing through 1 around 1.15 s. This is very close to the time the sawteeth disappeared, shown by the vertical line. Shortly afterwards the core rotation began to increment in the co-current direction. There was no change in the rotation outside of r/a = 0.6. A comparison of the central velocity increment and the central safety factor as a function of input LHCD power for 0.4 MA discharges is shown in figure 7 . These points are evaluated at 1.6 s, near the end of the LHCD. Similar to the results shown in figure 2 , the rotation increments in the co-current direction when the central safety factor exceeds unity. This occurs at a lower power level for lower plasma current, where there is a larger effect on the current density profile for fixed LHCD power input than at higher plasma current. For the lowest power levels at 0.4 MA, the rotation change is in the counter-current direction. The dashed line in the top frame of figure 7 is the same as in figure 2 , slightly reduced by the density ratio 0.67/0.76 = 0.88 from the two power scans since the velocity increment has been found to scale as the power per particle [29] .
The relationship between the rotation increment direction with LHCD and the q profile has been noted previously [19, 20, 21] but it was ambiguous whether the important parameter was the value of q 0 or the magnetic shearŝ (≡ r/q ∂q/∂r). A comparison of q andŝ profiles at 1. was below 1, consistent with the observation of sawtooth oscillations throughout this discharge. This is the only plasma in this series (0.4 MA) which exhibited a countercurrent velocity increment. The higher power discharges all had q profiles above unity everywhere, consistent with the observed absence of sawteeth. In contrast there is very little difference in the magnetic shear profiles (bottom frame) which suggests that q 0 is the relevant parameter in determining the rotation increment direction. This point is further emphasized in figure 9 The time evolution of the toroidal rotation profile for a 0.4 MA discharge with 0.8 MW of LHCD power is shown in figure 10 . In contrast to the case shown in figure 3 , the target plasma was in the SOC regime which shows strong counter-current rotation in the core at low plasma current, and exhibits a steep gradient region. Following application of LHCD power between 1.0 and 1.7 s there was a flattening of the profile (trending co-current) which seems to saturate after 1. in the profile outside of r/a ∼ 0.5. This profile evolves on a time scale faster than was seen in figure 3.
Discussion and Conclusions
Comparison of the velocity profile evolution at 0.4 MA (section 4) and 0.8 MA (section 3) is not clean in the sense that the target plasmas in the two cases were in different Ohmic confinement regimes. Similar exhibit the same behavior: a counter-current increment at low power switching to co- current at high power when there is enough driven current to raise q 0 above 1. This change occurs at higher power as the target current is raised. The Ohmic confinement regime seems not to influence this behavior. A comparison of the parameters for individual 0.4 and 0.8 MA discharges with similar densities and LHCD powers is presented in Table 1 .
In the left column are shown results for a plasma with relatively low driven current. The rotation direction, magnitude (consistent with input torque from LH waves) and scaling with LHCD power suggest that this rotation is due to direct momentum drive from LH waves. However, because of the puzzling slow response of the rotation (see figure 1 ), detailed modeling of the time evolution of the velocity profile is necessary to confirm this. In the right column are parameters for a discharge with significant driven current. The strong co-current change in the initially peaked counter-current intrinsic velocity profile as the central safety factor exceeds unity suggests a change in the momentum flux, Γ φ , through q profile dependences of either the residual stress or the momentum pinch.
The response of core plasma toroidal rotation to the application of LHCD power appears to be a competition of at least two effects. If the power levels are low enough that alterations of the q profile are minimal, and q 0 remains below unity, observed changes in the rotation are in the counter-current direction. The direction, magnitude and scaling with input power are consistent with the direct momentum input from the LH waves. Under these conditions the evolution of the velocity profile occurs on a time scale of 100s of ms, similar to the current relaxation time, and much slower than the momentum confinement time. The velocity profile only changes in the inner half of the plasma. However, if the input power is high enough to affect the q profile significantly, with q 0 > 1, the core rotation changes in the co-current direction. In this case the evolution of the velocity profile is on a momentum confinement time scale, ∼10s of ms, with changes again occuring only in the inner half of the plasma. The co-current rotation appears to depend on the value of q 0 and not the magnetic shear. The response of core rotation with LHCD power does not seem to depend on the Ohmic confinement regime of the target plasma.
